In recombinant protein production, quantity and quality are the major challenges particularly for large scale and high-throughput production systems. The present study mainly focuses on computational analysis and in silico systematic discovery of some key functional gene expression elements in microalgae Dunaliella salina as a case study which there is no or poor information in this regard. Among the key factors, we took a shot at matrix attachment regions (MARs), translation initiation sites (TIS), signal peptide (SP) sequences, gene optimization and transformation system. Computational analysis of MARs sequences provided noticeable insights into the structure of these sequences and led us towards designing an artificial MAR sequence consisted of the essential motifs and underlain rules. As the consensus TIS, we realized that A -3 , G -6 C -5 C -4 and G +1 C +2 G +3 arrange the specific context in this microalgae which associate in locating the ribosome at the correct reading frame. Bioinformatics studies unveiled the sequence of MASTRAPLLALLALLCAGSARA with the highest signal score as the specific SP for secretion systems. Furthermore, a multi-criteria optimization procedure was performed to redesign the coding sequence of the BAR selectable marker gene. The optimized version of the gene mainly covered the host codon preference, the less structured mRNA and exposure of TIS. As the intragenic factors, we selected an efficient promoter, a 5ˈ-UTR and an intron from the closely related species (Chlamydomonas Sp.) to construct the specific expression vectors. The expression cassettes containing the optimized genetic elements could be delivered into the microalgae cells and conferred the resistance to herbicide Basta to the transformants for at least 90 generations. The results indicated that the MARs flanking the expression cassette along with the optimized expression elements particularly codon adaptation could potentially improve the transformation efficiency and stability. The findings can be efficiently deployed as a practical model for systematic discovery of the key expression elements and optimization of the cis/transgenes in the future.
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Introduction
The main challenges in production of recombinant proteins and transgene expression studies are low yield and unstable expression. Exploiting high throughput potential of a host entails inclusive understanding of physiology and molecular biology of the micro/organism. There are many upstream (genomics, transcriptomics and proteomics) and downstream factors affecting the regulation of gene expression in heterogeneous hosts (Figure 1 ). Among the factors affecting gene expression in DNA level (genomics), matrix/scaffold attachment regions (S/MARs) (1), gene optimization (2, 3) , and introns; and in RNA level (transcriptomics), mRNA secondary structure (4), promoter, 5ˈ-and 3ˈ-UTRs, are known as the endogenous enhancers and regulatory elements. The other factors such as translation initiation sites (5) , leader sequences (6) , presence of proteases (7) , and fusion of the recombinant protein to a native protein (8) are among those related to proteomics area. The last but not the least, transformation systems including nuclear and chloroplast engineering techniques and methods as well as transient expression and selection markers are the discussable transformation-associated factors.
Unstable expression is mainly associated with the integration site of the transgene (positional effect), gene silencing and expression regulation. Among the upstream factors affecting gene expression, genetic elements renovating chromatin in a way to sustain the transgene with an active configuration are now being utilized increasingly to improve recombinant protein production and transgene stability (9) (10) (11) (12) (13) . Scaffold/matrix attachment regions (S/MARs) as the structural elements of eukaryotic cells are required for the compaction and anchoring of chromatin to the nuclear framework (14) . S/MARs bind to the nuclear matrix and participate in chromatin organization within the nucleus in DNA. Attachment regions of the eukaryotic chromosomal DNA to the nuclear scaffold/matrix contribute in several important cellular processes such as transcription, replication and recombination. S/MARs may improve the expression yield through increasing transgene integration to the host genome and decreasing its variability and silencing (15) . Furthermore, these regions function as chromosomal domains boundaries in insulation of decondensed euchromatin (gene-rich) from condensed heterochromatin (highly repetitive). They also play a critical role in gene organization, mRNA transport from nucleus to cytoplasm, and may positively affect transgene silencing (16) . S/MARs are non-coding AT-rich sites comprising putative epigenetic regulatory elements and highly saturated with protein-binding sites of DNA-topoisomerase II (17) . Furthermore, MAR/SAR recognition signature (MRS) which is composed of two consensus sequences (AWWRTAANNWWGNNNC and AATAAYAA) has been identified as a common feature to a large group of S/MARs (18).
Moreover, in protein level, the most critical limiting step in translation process is initiation, which implicates the formation of an elongation-competent ribosome at the proper start codon (AUG) either by the ribosome scanning mechanism or by a cap-independent mechanism (19) . The main features affecting translation initiation efficiency include: the nucleotide context around the AUG initiator codon, secondary structures in this region, the upstream AUGs (uAUGs) and the length of this leader sequence (20) . Kozak sequence (the specific nucleotide bias as the consensus sequence for translation initiation) has been identified in vertebrates (21) , Fruit fly (22, 23) , yeast (24) , Terrestrial plants (25) , etc., but not yet in some organisms such as microalgae (Table 1 ).
In addition, subcellular protein targeting has long been a serious consideration for the improvement of protein yields in plant cells. The subcellular destination highly affects the interrelated processes of assembly, folding and post-translational modifications (26) . The subcellular targeting strategies may help in different features of recombinant protein production including stability, accumulation and purification (27, 28) . Specific N-terminal signal peptides can be used to target the protein of interest into secretory pathway or a given organelle. The majority of recombinant proteins derived from plants which have been secreted into the cell wall apoplastic space (29) , reported to accumulate up to 100-fold higher than in the cytosol (30) . On the other hand, some C-terminal retention signals such as γ-zein (31, 32) , KDEL, HDEL preferably in plants and yeasts (33) and SEKDEL (34) influence the accumulation and stability of the recombinant proteins by retaining them into ER (endoplasmic reticulum). Other related sequences such as KEEL, HNEL, HSEL and HDEF have been also reported (35) . The proline-rich repeat and the C-terminal cysteine-rich domains which are necessary to form ER-derived protein bodies (32) has been found to be more efficient and more economical for production of recombinant proteins (36) . Interestingly, all of these KDEL-like sequences seem to act in an almost identical manner, and thus, they might be interchangeable (33) . It is notable that addition of the C-terminal HDEL/KDEL motif does not guarantee retention of proteins in ER lumen, and localization can depend on the status of protein assembly and can even differ in different host species and tissues (37, 26) . Fusing the C-terminal region of a tail anchored (TA) protein can also be used for targeting to membrane surfaces and protection from cytosolic degradation (36) . Other related strategies include targeting to protein-storing vacuoles (38) , extracellular proteolytic cleavage (39) , co-expression with peptidase inhibitors (40) , addition of gelatin as a substitution substrate for peptidases, development of extracellular peptidase-free host plants or engineering the proteins with more resistance to peptidases while maintaining functional (39, 36) . In secretion systems, signal peptides (SP) play a critical role in secretion procedure cascade of mature proteins. Therefore, precise prediction and characterization of such elements will help in better understanding of secretion system and localization of the conjugated recombinant proteins in the related host. Finding the right and specific signal sequences to be used in secretion or targeting the heterologous proteins is the first step in genetic engineering of the secretion systems. Time and cost effectiveness comparison of in silico analysis and wetlab experiments suggests the high ability, potential and preference of the first approach as the starting point.
Additionally, one of the most critical strategies to overcome low expression rate is gene optimization. To this end, the coding sequence of the transgene should be adapted to the host system to increase the translation efficiency (36) . Different criteria are considered in gene optimization such as codon-context (codon preference), RNA secondary structures, RNA stability, premature polyA sites, repeat sequences, cryptic splicing sites, internal chi sites and ribosomal binding sites, TATA boxes, terminal signals, interaction of codon and anti-codon, di-codon preference (frequency of neighbor codons) , restriction sites that may interfere with cloning, negative CpG islands (41), etc. A database on the codon usages of 3,027,973 genes for 35,799 organisms has been constructed based on the information available from NCBI GenBank (http://www.kazusa.or.jp/codon/). However, modification of the codons needs to be determined empirically (42) . There are many other restricting factors that need to be taken into account for gaining significant recombinant protein product. Such restricting factors include RNA methylation signals, immunostimulatory or immunosuppressive elements (for DNA vaccines), cryptic splice sites and regulatory elements, selenocystein incorporation signals, etc. (43) .
The present case study was conducted in microalgae to optimize transgene expression cassette containing appropriate components markedly affecting heterologous protein expression. Such studies will be helpful for cis/transgene expression analyses and recombinant protein production in micro/organisms which there is no or poor information regarding their specific expression elements. To this end, various in silico tools, databases and computational analyses were utilized to systematically discover some of the most important elements involved in efficient transgene expression in a given host. The main questions/issues addressed in this paper are: (1) the architecture and genomic structure of MARs intergenic regions and development of an artificial MAR to be used in microalgae genetic engineering and potentially other micro/organisms, (2) the specific sequence context for translation initiation site in microalgae, (3) the potential signal sequences capable of being used in secretion system, protein targeting and subcellular localization studies in microalgae, and (4) standardized multi-parameter gene optimization processes in conjunction with de novo gene synthesis to improve heterologous protein production in microalgae. Establishment of a suitable genetic transformation system as well as optimization of culturing conditions are among downstream factors which further analyzed to improve recombinant protein production in the green microalgae as a heterogeneous host.
Materials and methods

MARs (Figure 2A) S/MARs data mining, motif search and comparison in databases
The known S/MAR sequences experimentally proved were retrieved from GenBank release 197.0 and S/MARtDB (44) databases (Supplementary Data 1). As a non-S/MAR comparison set, all CDS of microalgae D. salina (containing only exons) available in GenBank (NCBI) were used in the same analysis approach. Forty-two S/MAR motifs were collected from the literature survey (Supplementary Data 2). Frequency of each S/MAR motif was measured and the outcoming data were tabulated (Supplementary Data 3, 4). Total number of occurrence, percentile distribution, motif mapping, distance between same and/or different motifs repeated in a sequence and CpG islands were among the critical parameters measured for each motif. Since the length of sequences were different, in order to normalize/standardize the sequences size for a reasonable comparison, statistical analysis and all mapping and distribution analyses were performed based on percentile sizes. The average number of motifs was also calculated based on 100 bp blocks. Similar procedure was also carried out for non-S/MAR sequences. S/MAR motif enrichment was obtained through calculating the enrichment factor (Ef) using the equation 1:
where MMi is total number of motif "i" in S/MAR sequences and MnMi is the same value for non-S/MAR sequences.
In order to perform the in silico and bioinformatics analysis such as motif search, CpG island detection and multiple alignments, CLC Main Workbench 6.9.1 (CLCbio, Inc.) and Geneious R7.0.6 (Biomatters, Ltd.) were used. The difference between S/MAR and non-S/MAR group sequences in terms of motifs enrichment was estimated and the standard deviation was calculated. Results were analyzed by a onetailed Z-test. The null hypothesis was that the frequency of S/MAR motifs is equal in both S/MAR and non-S/MAR sequences. To determine whether there is any correlation among the S/MAR motifs in terms of their co-occurrence in a single S/MAR sequence, the correlation analysis was performed. Statistical analysis and plotting distribution patterns were carried out using Statistica 10 (Statsoft, Inc.). Significance levels were set at 1% level for the z-test and correlation analysis. MAR sequence alignment was carried out to find possible consensus motifs in S/MARs.
Heatmap cluster and correlation plot
R software was used to create the graphical view of the extent and pattern of S/MAR motifs ( Figure 3 ) and their sequences (Supplementary Data 5). A cluster analysis was performed to group motifs based on their total number of occurrences using R program (45) . The clustering analysis first computes a similarity matrix for the input data using the similarity function passed as first argument. In the heatmap, the samples are grouped according to clusters. Apart from the similarity matrix, the most important input parameter is the input preference which can be interpreted as the tendency of a data sample to become an exemplar. Input preferences largely determine the number of clusters. The shared value is the median of the input similarities (by default) resulting in a moderate number of clusters. The order in which the clusters are arranged in the heatmap is determined by means of joining the cluster agglomeratively. We computed similarities as pairwise correlations, and created a plot for better visualization of possible correlations among the present motifs in this study.
Scatter plot for correlation
A correlation matrix for the most correlated motifs in 61 MARs sequences was constructed ( Figure 4 ). Data were analyzed using statistical software R version 2.9.1 (http://www.r-cran.org/) to obtain descriptive statistics and correlation estimates. The pairs.panels function, produces xy scatter plots of each pair of variables below the diagonal, shows the histogram of total occurrence of each motif as well as the lowess locally fit regression line. An ellipse around the mean with the axis length reflecting one standard deviation of the x and y variables is also drawn. Data points in the lower diagonal correspond to occurrence of motifs, and correlation coefficients are listed in the upper diagonal. The pairs.panels function also shows the pairwise scatter plots of all the variables as well as histograms, locally smoothed regressions, and the Spearman correlation.
Design, evaluation and synthesis of an artificial MAR sequence
Finally, after determining distribution pattern of each motif and other critical parameters including motif average numbers, distance between similar and non-similar motifs in each sequence, and the correlation of their co-occurrence, an artificial MAR sequence was designed considering all of the above mentioned parameters and criteria. We applied SMARTest module of the Genomatix Suite software package (Genomatix Software GmbH, München, Germany) to assess the accuracy of the designed sequence before synthesis (Biomatik, Cambridge, Ontario, Canada).
Translation Initiation Site (Figure 2B) Data mining of the microalgae mRNAs in databases
All of mRNA sequence data of microalgae Dunalialla salina were retrieved from GenBank release 197.0. Those complete sequences (74) where, Oi is the observed value of cases (i) in the experimental box (-20 to +20), and Ei is the expected value of cases (i) in each category for each position. Due to the differences in nucleotide frequency among different parts of the genome/transcriptome the calculation of expectations was carried out based on two predefined categories: (1) 5ˈ-UTR and (2) CDS; before and after translation initiation site, respectively. Therefore, the positions were compared to the specified expectations, accordingly.
Signal Peptide Prediction (Figure 2C)
In order to predict potential signal peptides in microalga D. salina, a dataset of protein sequences related to this microorganism was extracted from the Uniprot Knowledgebase release 2014_01 (http://www.uniprot.org/). Only the sequences from UniProtKB/SwissProt which are the reviewed entries were used, and hypothetical proteins were not included. The first 70 N-terminal amino acids were analyzed through SignalP3.0 (http://www.cbs.dtu.dk/services/SignalP/) as the best signal peptide predictor (46) . To benchmark the accuracy of SignalP4.1 performance against the other similar programs, the positive signal sequences explored among the dataset were subjected to the following bioinformatics platforms as well: SOSUIsignal (47) 
Gene Optimization (Figure 2D)
The sequences data for genes of interest including BAR (a selectable marker gene conferring resistance to phosphinothricin) and GFP-C3 (green fluorescent protein-cycle3) were retrieved from GeneEntrez database (NCBI) and the CDSs were subjected to various optimization procedures. A doubled preferred terminal signal was used to confirm the termination of translation. The in silico optimized version of the genes were finally constructed through de-novo gene synthesis and assembled into the specific expression vectors through multiple-overlap extension PCR (Kadkhodaei et al. 2016-in press ).
The standalone packages of CLC Main Workbench 6.9.1 (CLCbio, Inc.) and Geneious 7.0.6 (Biomatters Ltd.) were recruited in analyzing the sequences including alignments, logoplot construction, motif search, etc.
Microalgae transformation
The elements discovered through in silico studies were used in construction of the expression cassettes. As illustrated in Figure 5 all of the required fragments were assembled through multiple-overlap extension PCR (MOE-PCR) (Kadkhodaei et al. 2016-in press ). In the present study, two closely related microalgae species, D. salina and C. reinhardtii CC-125, were considered for genetic transformation. Figure 6 displays expression cassettes used in transformation of these microalgae. To study the sensitivity test, effect of various antibiotics on the viability of these strains was assessed. Ampicillin, kanamycin, hygromycin and the commercial herbicide Basta® (Bayer CropSciences) were also used in different concentrations for sensitivity evaluation of the microalgae cells. Moreover, three microalgae peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/061945 doi: bioRxiv preprint first posted online Jul. 5, 2016; transformation methods (PEG mediated, Electroporation, and Glass Beads) were initially applied and compared to find the optimal procedure. Plasmid pCAMBIA3301 which contains BAR selectable marker gene was used in optimization of the transformation experiments. For comparison, the transformation efficiency was measured in terms of viability and number of transformants per µg plasmid DNA used. In order to find the fastest protocol for screening the transformed microalgae, six DNA extraction buffers: 10 mM EDTA, 10:1 Tris/EDTA (TE), 0.2% (w/v) SDS, 0.2% (v/v) Triton X-100, KAPA 3G plant PCR kit (Kapabiosystems, Inc.) and sH2O were compared. Total genomic DNA was extracted in log phase (~10 6 cells/mL) according to Kadkhodaei et al. (2011) . The primer pairs used to confirm integration of dBAR gene in the positive transformants were given in Supplementary Data 8. The resulting electropherograms analyzed with CLC Main Workbench software v 6.9.1 (CLCBio, Inc.) and subsequently aligned with the original sequence of BAR (accession no. X17220) or dBAR (accession no. KF780168) genes. Additionally, RNA extraction from positive transformants was performed using TRIzol reagent (Invitrogen, Inc.). The cDNA synthesis was carried out using RevertAid H Minus first strand cDNA synthesis kit (Thermo Fisher Scientific, Inc.). Subsequently, the RT-PCR analysis was performed using the synthesized cDNA as a template and dBAR gene specific primers in subsequent PCR reactions with Taq DNA Polymerase to confirm the transcription of dBAR gene in the positive samples. The detailed method is provided in Supplementary Data 9.
Statistical Analysis
The efficiency of different transformation methods was calculated based on the number of viable transformants on solid media comparing the non-transformed cells. All experiments were performed in triplicates. The one-way ANOVA (P <0.05) was utilized using STATISTICA v10 (StatSoft, Inc.).
Results
MARs
The length of 61 S/MAR sequences ranged from 203 to 7891 bp with an average of 1327 bp (Supplementary Data 10). The CDS sizes were from 93 to 3825 bp with the average of 1396 bp. Among S/MARs, 50% of the sequences were in 380-1170 bp size range, with a median value of 685 bp, while these values were 805-1776 bp (size range) and 1374 bp (median) for non-S/MAR sequences. . As Supplementary Data 4 shows, the statistical analysis comparing two sequence groups through Z-test revealed that among the 42 S/MAR motifs used to scan the sequences in this study, 28 and 17 were found in S/MAR and CDS, respectively. Generally, there was a significant (P<0.01) difference between the two sets of sequences in terms of motif enrichment. We used one-tailed Z-test which provides the p-value in a test for comparing the mean with a known value, when the standard deviation is known.
Statistical Analysis of the S/MARs Structure
Significant motifs
Among the motifs existed in the S/MARs, the followings demonstrated to be significantly (p<0.05) more frequent in S/MARs comparing non-S/MAR (CDS) ones: A box, ARS-1, ARS-2, BUR, Curved-1, Curved-3, H20 (ATC20), Kinked-1, MRS-2-1, MRS-2-2, ORI-1, ORI-2, ORI-3, SATB1-4, T box and TG-rich-1.
Intercorrelation Analysis
To assess whether there is any correlation among the S/MAR motifs in terms of their co-occurrence in an S/MAR sequence, a multiple correlation analysis was performed. Figures 3, 4 and Supplementary Data 5 provide the intercorrelations among the 28 S/MAR motifs existed in experimentally proved S/MAR sequences. There were significant positive correlations between various motifs. For example, the highest correlations, 0.74 and 0.68, were found between H20_MRS-2-1 and MRS-2-1_SATB1-4, respectively. The most number of correlations were found for Curved-3 (10), H20 (8), ORI-1, 2 and 3 (7), and ARS-2 (6). The Curved-3 motif demonstrated significant correlations with A box, ARS-1, ARS-2, Curved-1, MRS-2-2, Ori-1, 2 and 3, and T box. However, the S/MARs demonstrated to contain similar motifs, but surprisingly, alignment of all S/MARs did not reveal any reliable consensus sequence.
Clustering Pattern Analysis
R software was used to explore any possible patterns among 61 MARs. As shown in Supplementary Data 12, MARs were grouped into five distinct clusters based on the similarity of their sequences. As clusters 1, 2, 3, 4, and 5 contain 2, 3, 6, 15, and 35 MARs, respectively. The clustering pattern is as follows: cluster (1) AF065877, AF373413; cluster (2) AF065889, AY766247, AF065884; cluster (3) AF176229, EF694970, EF694965, EF694969, EF694968, EF694967; cluster (4) EF694966, HSU88347, AF065883, HSU88340, AF065888, AY150845, AY766246, AF416508, AF065878, DQ005950, AF065879, AF418011, AF065881, AF065887, X98408; and cluster (5) includes the rest of MARs. Colors also represent the affinity not only among detected clusters but also among data points.
Motif Mapping
As one of the most important criteria in our S/MAR prediction survey, the mapping of each motif was performed to find their distribution and location individually. Since the S/MAR motifs did not follow a normal distribution, we used non-parametric statistics. To this end, Kruskal-Wallis ANOVA and Median test were used for multiple comparisons of mean ranks for all groups. We found at least five significant differences among the motifs' locations as shown in percentile distribution: H20_ORI-1 (P<0.01), T box_SATB1-4 (P<0.05), MRS-2-1_ORI-1 (P<0.01), SATB1-4_ORI-1 (P<0.05) and Curved1_ORI-1 (P<0.01). Figure 7 and Supplementary Data 13 provide distribution patterns of the motifs using scatter, bar and box plots. Based on the graphs, TG-rich and Stem loop motifs demonstrated to be distinctively at the 5'-and 3' sides of the S/MARs, respectively, while there are no such motifs in the middle of the sequences. In contrast, Curved-2,3, Ori-1,2,3, TG-rich-1 and MRS-2-2 were mostly located in the middle of the sequences. SATB1-4, Topoisomerase II-1,3, Kinked-2,3,4, ARS-2, A-box, H20 and MRS-2-1 were more frequent in the first half, whereas BUR, T-box, BEAF-32, Krinked-1, SATB1-3 and ARS-1 were often in the second half. The Curved-2 and ARS-1 motifs were distributed evenly throughout the S/MAR sequences and showed the widest distribution. In contrast, TG-rich-3 (at the 5' end), SATB1-3, Stem loop-3 and Stem loop-1 (at the 3' end) distinctively represented the lowest percentile distribution.
CpG islands
As another criterion to scan the S/MARs, the CpG islands were extensively surveyed in the CDS of microalgae (D. salina) obtained from NCBI GenBank. It was found that approximately 76% of microalgae genes are associated with CpG islands. Additionally, 36% of the CpG islands were located at the transcriptional start sites and 5'-flanking regions of genes while 22 % of them were in the 3' ends and 3' flanking region of genes. Only 12% of them were identified at the middle and 24% covered the entire gene sequence. The CpG island survey in S/MARs revealed that only 5% of them (3 sequences) contain CpG islands. The average GC percentage of CDS (57.9%) and S/MARs (34.9%) were found to be quite distinct.
Translation Initiation Site (TIS)
The biases in nucleotide occurrence at positions around the translation initiation site were assessed through both bioinformatics and statistical procedures. Supplementary Data 14 provides the alignment results obtained from all D. salina mRNAs available in the databases. As shown in the figure, the fractions of nucleotides A, T, G and C vary considerably in a position-dependent manner. The most significant (P<0.01) deviation of nucleotide frequencies from the expected values was observed at position -3, which was indicated by the largest Chi-square value at this position. This was followed by positions -4, -6 and -10, however, with lower values. For the positions downstream of the start codon, the nucleotide proportions were significant only in the positions +1, +2, +5, +7, +10 and +11. The occurrences of A, C, G and G at positions -3, -4, -6 and -10 were 73%, 43%, 39% and 39%, respectively, which are significantly larger than the expected values calculated for the 5ˈ-UTRs of the studied microalgae. The corresponding expected values to A, C, G and T were 30%, 27%, 21% and 22%, respectively. The statistical analysis suggests that the consensus sequence around the start codon in microalgae D. salina is:
The capital letters show the higher percentage of nucleotide occurrence at each position. As can be seen from Table 3 , there is a general tendency for all sequences toward the under-representation of T (U) around the initiation codon. The only U-rich region was observed at positions -20 and -19. Whereas, A and G appear more frequently than the expectations. In general, comparison of the nucleotide frequency in the 5ˈ-UTRs upstream of the D. salina genes revealed the A-richness of this region. Instead, the CDSs showed to be vice versa and A-poor (GC-rich). Interestingly, among the sequences examined, the similar patterns of G -6 C -5 C -4 and G 1 C 2 G 3 were observed in 5ˈ-UTRs and CDS regions, respectively. The biases demonstrated to be more prominent in the regions near the initiation codon. Cluster analysis of the TIS sequences among different micro/organisms revealed the similarity of microalgae to monocot plants rather than dicots and interestingly to vertebrates (Figure 8 ).
Signal Peptide (SP) Prediction
The N-terminal signal peptides of the D. salina available proteome data were predicted combining the results obtained mainly from SignalP3.0 and some other signal peptide predictor platforms listed in Materials and Methods section. Sixteen positive signal sequences were predicted based on the signal peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/061945 doi: bioRxiv preprint first posted online Jul. 5, 2016; scores (C, Y, S, Mean S and D) obtained from SignalP3.0 output showing the significance probability of the potential signal peptides (Table 4 , Supplementary Data 15). To assess the accuracy of the predicted signal peptides, the cross validation test of the positive signals was performed through other similar bioinformatics tools. Only one of the signal sequences (D0FY13) calculated using Signal3.0 was demonstrated to be false positive which removed from the putative signal peptide list.
The signal sequences were ranged from 17 to 30 aa in size with an average of 24 aa. The most frequent amino acids in the signal peptides structure were the hydrophobic and non-polar amino acids of Leucine (23.7%), Alanine (16.1%) and Valine (9.0%). The mean values of some other characteristics such as molecular weight, isoelectric point and extinction coefficient are 2.51 kDa, 9.16 and 1440, respectively. The predicted signal sequences were notably demonstrated to be ended with amino acids Glycine and Alanine. Both of these are grouped in tiny, non-polar (side-chain polarity) and neutral (side-chain charge) amino acids. On the other hand, the amino acids Serine and Arginine which are grouped as the positive amino acids (53), were remarkably more frequent at the N-terminus of the signals. In the most cases, the mature corresponding protein is started with a polar amino acid, mainly Serine, Histidine, Arginine or Lysine. In other word, the cleavage site is mainly located between a tiny non-polar (Glycine) and a polar (Serine) amino acid.
The consensus sequence of the aligned positive signal sequences, hydrophobicity, PI and sequence logo as well as the predicted secondary structures are shown in Figure 9 . The consensus sequence obtained based on ClustalW with free end gaps algorithm as:
MPTMRXARLVLLGALLLXLCAXXVXGAAXLSXQ.
A graph illustrating the signal scores and the hydrophobicity plot of the predicted positive signal sequence having the highest signaling score (P93125) are shown in Figures 10A, and 10B , respectively. Further in silico analysis through Philius platform confirmed the secretion potential of the sequence (MASTRAPLLALLALLCAGSARAG) by 99% confidence and revealed the various segments as follows: N-region (MASTRAPLLALLA), H-region (LLCAGS), C-region (ARA) and cleavage site (A-G).
On the other hand, the scanning results for retention signals in D. salina proteome dataset revealed the presence of KDEL in C-terminal region of four proteins E4W5X0 (4-hydroxy-3-methylbut-2-enyl diphosphate synthase), G9JJW7 (Flagellar associated protein 107), Q2VB01 (P-type ATPase) and L7UYC0 (Trehalose 6 phosphate synthase).
Gene Optimization
Codon optimization
The sequence information about different versions of the BAR and GFP-C3 genes is presented in Figure  11 . At the first step, the coding sequence was simply codon optimized according to the codon preference of D. salina (CAI=100%) and then other modifications mentioned in the materials and methods were applied. Final CAI indices were optimized to be slightly lower to avoid starving of popular tRNAs (Table  5 ). Supplementary Data 16 shows the distribution of codon usage frequency along the length of gene sequences. The cutoff point of 15% was considered for codon efficiency. The codons with lower peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/061945 doi: bioRxiv preprint first posted online Jul. 5, 2016; frequency (<15%) were removed from the sequences unless there was a strong mRNA secondary structure at a given position. In such cases, lower frequent codons were used to circumvent the limitations.
The GC content of D. salina genes was calculated based on the sequence dataset extracted from the GenBank (NCBI). D. salina demonstrated to have a relatively high GC content (58.3%). The GC content of wild-type sequences of BAR and GFP genes were 68.1 and 41.4%, respectively. To approach to GC content of the desired microalga, the codons were modified and the final optimized sequences demonstrated the GC percentage of 62.9 and 53.6%, respectively. The range of 30-70% was considered as acceptable GC content in optimization procedure and the peaks exceeded the range were modified. According to the desired expression host, 8% of the codons showed low frequency (<30%).
Sequence analysis of two green microalgae species of Dunaliella sp. and Chlamydomonas sp. revealed close relationship. In D. salina, the coding GC content (58.3%), first letter GC (59.2%), second letter GC (43.1%) and third letter GC (72.7%) were close to those corresponding values in C. reinhardtii as 66.3%, 64.8%, 47.9% and 86.2%, respectively (dataset retrieved from kazusa codon usage database).
mRNA secondary structure
In the next step, the codon optimized sequences were subjected to the Vienna RNA package to further optimize the sequences according to the mRNA secondary structure. The possible mRNA secondary structures and related minimum free energies (MFE) of both BAR and GFP-C3 genes were calculated. The structures and the corresponding mountain plots representing the MFE structure are shown in Figure  12 and Supplementary Data 17. The mountain plots show the number of enclosed base pairs at each base position. Supplementary Data 18 illustrates the pseudoknots predicted in the mRNA secondary structure in a circular visualization produced by RNAstructure package. Table 6 provides the result information about the selected codon and mRNA optimized sequences having the most stable free energy of mRNA. As can be seen, the codon optimization alone could not guarantee the optimization of the sequences in terms of secondary structure and MFE. Therefore, no simple correlation was detected among them. However, the mRNAOptimizer was able to optimize the sequences increasing the MFE by 46% and 7% for BAR and GFP, respectively.
The final version of genes comprised optimized codons and GC content according to the expression host, optimized mRNA secondary structure with lowest possible MFE, no interfering restriction enzymes, no/less repeats and no cis-acting elements. Regarding the cis-acting elements and repeat sequences, the following sequences were found in the sequences and optimized through modification: AGGAGG, GCTGGTGG and GGRGGT.
Transformation
Ampicillin, kanamycin and hygromycin were not able to inhibit the growth of D. salina, even at the concentrations as high as 800 µg/mL. However, the cells were determined to be quite sensitive to Basta. Minimum inhibitory concentration (MIC) of Basta for the growth of D. salina and C. reinhardtii was found to be 6 and 7 µg/mL in liquid and solid media, respectively. To ensure the integrity of the transformants, the final subcultures were performed in higher (18 µg/mL) concentration than the predefined lethal dose (6 µg/mL). On the other hand, since the antibiotics ampicillin and kanamycin peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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Transformation Techniques
Preliminary studies were carried out using pCAMBIA3301 containing BAR gene to optimize transformation of the microalgae and establish the best platform for the main study.
PEG: Since PEG-mediated transformation has been suggested as a standard method of introducing DNA into protoplasts (54) and D. salina is known as a natural protoplast, we examined this approach in the present study. After two weeks, this method generated no transformant observed on the selection media containing 6 or 9 µg/mL Basta neither for D. salina nor C. reinhardtii strains. However, a number of parameters such as plasmid quantity (0.5-2 µg), cell density (10 5 -10 7 cell/mL in log phase) and PEG concentration (4-10 %) were varied in further attempts to improve the results, any transformant was not generated.
Electroporation: Additionally, the electroporation procedure for the microalgae cells were performed according to Sun et al. (55) and Geng et al. (56) . Comparison of the electroporated Dunaliella cells and the negative control (no transformation) revealed around 23% viability of the cells, which seems to be enough for transformation. Electrical field strength (EFS) inversely affected the viability of the electroporated microalgae cells. The results showed that for Dunaliella transformation, the electroporation condition of 500 V/cm for 10 ms was the best among the other variations evaluated in this study.
Glass bead: The glass bead transformations were performed according to Feng et al. (57) . Three parameters affecting transformation efficiency of microalgae through glass bead were optimized. These include concentration of plasmid DNA (300 ng/μL final concentration for both microalgae), agitation time (10 and 15 s for Dunaliella and Chlamydomonas, respectively) and PEG concentration (4% and 5% for Dunaliella and Chlamydomonas, respectively) (P<0.05).
Transformation efficiency (rate) for both microalgae were higher in glass bead method, 1.8 % (Dunaliella) and 4.4 % (Chlamydomonas), comparing the electroporation method (1.2 and 2.3 %, respectively) (P<0.05). After defining the best transformation procedure, two microalgae strains of Dunaliella (D2) and Chlamydomonas (CC-125) were transformed using the plasmid containing optimized genetic elements ( Figure 6 ) through glass bead method. Control plasmid (pCAMBIA3301) harboring same promoter upstream of the BAR gene demonstrated markedly less stability and efficiency in 9 µg/mL Basta. While those plasmids having the optimized elements showed significantly (P<0.01) 3-and 6.5-fold higher transformation rate and stability (3 months) in Dunaliella and Chlamydomonas, respectively (Supplementary Data 19-20) .
Among the six different solutions used in colony PCR, EDTA, TE, Triton X-100 and KAPA3G plant kit produced comparable results. Except SDS (0.2%), all other treatments were able to produce the band of interest.
The DNA extracted from 12 positive transformants (six from each strain) was used in PCR analysis of exogenous BAR gene transformed into the microalgae cells. The results demonstrated a PCR product of 564 bp in two and three putative transformants of Dunaliella and Chlamydomonas, respectively. No signal was detected neither in wild types (no transformation) nor in negative control (no DNA template) Data 21) . Integrity of the PCR products was further confirmed through sequencing, indicating consistency of the amplified DNA fragments to the reference gene.
To further analysis the expression of BAR gene, the same positive transformants from each microalgae strain were used in RT-PCR analysis. A 564 bp fragment was detected in two and three transformants of Dunaliella and Chlamydomonas strains, respectively, while no signal was obtained neither in the wild type (non-transformed) nor in negative controls (reverse transcriptase minus and/or no template). No fragment was amplified through PCR using total RNAs treated with DNase I as the template. This indicated that the corresponding PCR products obtained from the abovementioned transformants were due to amplification of the cDNA, rather than trace amounts of genomic DNA (Supplementary Data 22) . This result showed that the heterologous dBAR gene was transcribed in some positive transformants of both microalgae cells.
Discussion
In reviewing the literature, no or very little data was found on the specific expression elements for microalgae genetic engineering studies. This study set out with the aim of systematic discovery of the key upstream factors for genetic manipulation of microalgae as a case study. The methodology could be efficiently utilized in discovery of the same elements in other micro/organisms which there are limited information about these factors.
MARs
As shown in this study, there is no conserved region even among human or plant S/MARs individually corroborating the findings of the previous works in this field (58, 59 ). The present study demonstrated that several motifs with defined distribution pattern and spacing are required for matrix association. Correlation analysis revealed that at least a combination of the following S/MAR motifs should be presented in a sequence to be considered as S/MAR sequence: Curved-3, A box, ARS-1, ARS-2, Curved-1, MRS-2-2, Ori-1, 2 and 3, and T box. Clustering analysis of the motifs by identifying a subset of representative examples is important for detecting patterns in the data. An algorithm identifying such exemplars among data points was employed to reveal possible clusters among the motifs. As can be seen from the Figure 3 , the heatmap confirms that there are five main clusters in the data. Colors (green, violet, yellow, blue and red) represent the affinity not only among detected clusters but also among data points. For clustering 61 S/MAR sequences, initially some sequences were selected as exemplars for each cluster. Exemplars were highly similar to all members in the respective cluster. Then, the most similar sequences to the exemplars were grouped into the clusters (based on their similarity to exemplars). Those Nicotiana MARs grouped in the subcluster containing human MARs possibly because: (i) they have similar repetitions of some motifs in their sequences, and/or (ii) they have similar patterns in terms of A-T or C-G richness.
Using the features that significantly occurred in the S/MARs, a DNA sequence containing various subsets of motifs based on the order, distribution pattern and average number of each element was artificially designed. This resulted in a sequence of 700 bp in size, which is in agreement with the average size of the S/MARs. In a previous study which an artificial sequence synthesized considering some MAR elements (60) , since the right location or number of motifs did not were not considered, the binding efficiency to nuclear matrix remained low. For instance, locating topoisomerase and ARS motifs in the middle or 3ˈ side of the sequences resulted in low binding efficiency. In this regard, we showed that these motifs are mainly located at the 5ˈ side and middle of the S/MARs, respectively. On the other hand, the sequence
containing high number of these motifs had the lowest binding efficiency. As shown in the present study, the frequency of these motifs was not significantly higher than the others. This highlights the importance of considering proper number of occurrences for each motif and the correct configuration for better functionality of downstream genes. Furthermore, besides the number of occurrence, motif spacing from the beginning of the CDs might be critical. It could be that S/MAR motifs are all located in a given spacing from the CDS and there is an intergenic DNA segment with high S/MAR motif enrichment (61) . The sequence designed in the present study contains all the required motifs that should be served as a potential MAR fragment in gene expression studies. Since, in one hand, it is designed based on the motifs found in various organisms, and on the other hand, it has been shown that S/MARs are functionally interchangeable between different organisms (62-64, 12), its application seems to be universal and possibly for different taxa. Further investigation is required in this regard.
Translation Initiation Site (TIS)
It has been proven that, the recognition of start codon (AUG) by ribosomes in eukaryote mRNAs can be influenced by its flanking sequences (21) . Hence, the less disturbance (secondary structures) near the main AUG codon particularly in its preceding 14 nucleotides, the better facilitation in the recognition procedure and consequently the more efficient translation (65, 41) . Several experimental evidences are available showing the critical role of (A/G) -3 in translation initiation enhancement (66, 67) . It has also been indicated that the (A/G) -3 signal is the most remarkable in many eukaryote species, and more interestingly this signal appears even stronger in highly expressed genes (68) . For instance, in mammalian mRNAs, the most critical positions in sequence context are -3 (purine; A/G) and +4 (G) (69, 21) . In our study, the bias of A at position -3 among the surveyed sequences demonstrated to be quite strong. This holds also true for the first codon after ATG which is GCG. Surprisingly, these two fractions are same as the ones already described for human (GCCGCC(A/G)(C/A)CAUGGCG) (68) . Interestingly, the -3 A position seems to have a very strong similar bias in many taxa (Table 1 ) and even stronger in highly expressed genes (73, 74) . Substitution of A -3 to C/U/G reduced the efficiency of translation in mammalian expression system (40-85%), however, it did not influenced translation efficiency of the same CDS in plant expression system (25) . This might be attributed to the presence of different mechanism for initiation of translation in animals and plants (70) or even due to cell-type differences (66) . In a study, locating A -3 in the translation initiation context through site-directed mutagenesis resulted in up to 8-fold increase in recombinant protein expression in transgenic plants (66) . Similarly, altering UCCUAUGA to ACCAUGG in transgenic wheat (71) and tobacco (72) plants resulted in higher gene expression up to 4-fold. These findings further support the idea of transgene optimization and also cisgenic approach.
Besides the critical role of A -3 , it has also been revealed that positions -2 and -1 play an important role in this regard. The C -2 C -1 and A -2 A -1 demonstrated to be the best for maize and tobacco, respectively (66). On the other side, regarding the effect of sequence context downstream of the initiator codon, some researchers suggested that (A/C) +5 in mammals (73) or C +5 in plants (74) influence the efficiency of translation initiation particularly analyzing highly expressed genes. The effect of G +1 on translation initiation has been also reported in plants (75) , however with less importance comparing A -3 . Similarly, the findings of the current study revealed the highly preference of G +1 among the D. salina examined mRNA sequences.
Our findings are also consistent with the previous ones suggested that A-rich biases particularly occur at the positions -4 to -1 of the most species. This seems to be regardless to GC content of the species. For example, in case of the microalgae (D. salina) used in this research, the GC% is 54.7. This value for D. salina organelle genomes, chloroplast and mitochondrion, is 32.1% and 34.4%, respectively.
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The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/061945 doi: bioRxiv preprint first posted online Jul. 5, 2016; Figure 8 shows the cluster analysis (the maximum likelihood phylogeny analysis) of translation initiation site consensus sequences among various taxa comparing the microalgae D. salina. The obtained consensus sequence is more similar to the vertebrate and monocot plants rather than dicots. Moreover, the translation initiation site in categories of dicot plants, monocot plants and vertebrates are to some extent similar reflecting the evolutionary relationships. However, the similarity of microalgae to plants was mainly related to positions -6 to -4 (GCC) and +1 to +3 (GCG). Although the GCG codon encodes alanine which is the most common (9.3%) amino acid in D. salina, it is not the preferred codon in this microorganism for alanine. The codon preference for alanine is GCC (38.4%) which is 2.6 folds more preferred than GCG (14.6%).
Signal Peptide Prediction
The N-terminal sequence of Ttf-1 protein (P93125, a salt-induced transferrin-like protein) contained the highest scored signal peptide ( Table 3 ). The evidence for its existence is at transcript level (UniProt) indicating that the existence of this protein is based on the expression data (such as RT-PCR, cDNA(s) or Northern blots) and there is no evidence to rigorously prove it at protein level.
The (-3,-1)-rule states that the residues at positions -3 and -1 (relative to the cleavage site) must be small and neutral for cleavage to occur correctly (76) . The predicted signal sequences in our findings demonstrated to be consistent with this rule. Hydrophobicity index which defines the relative hydrophobicity of amino acid residues, is commonly used in prediction of transmembrane alpha-helices of membrane proteins. The more positive the value, the more hydrophobic are the amino acids located in that region of the protein. When consecutively measuring amino acids of a protein, changes in the value indicate attraction of specific protein regions towards the hydrophobic region inside lipid bilayer (77) . Hydrophobicity plot (Figure 10-B) further validated the potentiality of the in silico predicted signal peptide to be utilized in secretion and targeting applications and/or accumulation of recombinant protein in ER (in combination with ER specific retention signal).
Comparative cross evaluations indicated the accuracy and comprehensiveness of the SignalP3.0 (http://www.cbs.dtu.dk/services/SignalP/) rather than the other similar platforms (78, (48) (49) (50) (51) . It has been demonstrated that among the currently available signal prediction tools, SignalP provides the best performance and could be efficiently used for the prediction and automatic annotation of signal sequences which there is no experimental evidence available for them (79) . SignalP 3.0 predicts the availability of signal peptides and cleavage sites in amino acid sequences of various organisms (prokaryotes/eukaryotes). The prediction in this platform is based on the combination of several artificial neural networks (46) . Its output includes five different scores of S, C, Y, mean-S and D, as described in Table 3 . The score shows superior discrimination performance of secretory and non-secretory proteins to that of the S-mean score (80) . The individual graphs for the predicted signal peptide illustrating the secretion scores are provided in Supplementary Data 15.
On the other hand, ER retention signals refer to the signals which cause the localization of ER resident proteins. These signals allow for retrieval from the Golgi apparatus, effectively maintaining the protein in the ER. This localization depends on certain N-/C-terminus sequences of amino acids. Among the reported retention signals, KDEL (Lys-Asp-Glu-Leu) is the preferred signal in many species (Vertebrates, Drosophila, Caenorhabditis elegans, plants). However, there are some other variants used in different species, including HDEL (Saccharomyces cerevisiae, Kluyveromyces lactis, plants), DDEL (Kluyveromyces lactis), ADEL (Schizosaccharomyces pombe-fission yeast) and SDEL (Plasmodium falciparum) (33, 81, 82, 31) . The signal is usually very strictly conserved in major ER proteins but some minor ER proteins have divergent sequences, probably because efficient retention of these proteins is not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/061945 doi: bioRxiv preprint first posted online Jul. 5, 2016; crucial to the cell. Proteins bearing the KDEL-type signal are not simply held in the ER, but are selectively retrieved from a post-ER compartment by a receptor and returned to their normal location (PROCITE). In the present study, all D. salina available protein sequences were surveyed for all possible ER-retention signal consensus patterns including [KRHQSA]-[DENQ]-E-L (PROCITE). Only, the following proteins were demonstrated to bear the retention signals at their C-terminal region: E4W5X0 (RDEL), G9JJW7 (ADEL), Q2VB01 (KDEL) and L7UYC0 (QQEL).
It has been reported that the fusion of both N-terminal signal peptides and C-terminal retention signals to the gene of interest will lead to higher recombinant protein yield and stability (81, 83, 84) . The protection of heterogeneous protein against proteases as well as reduction of its potential immunogenicity are among the main reasons for better efficiency of this strategy (85) Finally, after all validation and confirmation analyses, the signal sequence having the highest prediction scores was used in construction of the microalgae specific expression vectors. A set of vectors was developed in which combination of signal sequence and retention signal (for targeting to endoplasmic reticulum) or lack of retention signal (for secretion studies) was considered in construction procedure. Figure 5 illustrates backbone of the developed secretion vectors.
Gene Optimization
Codon optimization: To maximize the expression yield of a transgene in a heterogeneous host, it is recommended to optimize the gene sequence (37) . In gene optimization processes, the first consideration is the host codon bias. In this regard, degeneracy of amino acid codes allows the use of alternative favorable codons to result in the optimized sequence. It is notable that there are some disadvantages for the "one amino acid-one codon" approach. These includes imbalancing in tRNA pool, skewed codon usage pattern and higher chance of translational error, generating undesirable restriction sites, creation of repetitive elements and consequently secondary structures in the coding region and mRNA which might be troublesome for gene synthesis and ribosome processivity. Usually, the CAI (codon adaptation index) would be 0.8-0.95, instead of 1.0. A100% match in codon adaption index, would be result in starving of popular tRNAs, which will lead to slowing down in transcription (86) . While the value of 1.0 for CAI is regarded as perfect, the values greater than 0.8 are good and > 0.9 considered as very good in expression efficiency scale. The lower the number, the higher the chance of poor expression is predictable. The typical gene optimization procedure improves the sequence to reach a CAI of higher than 0.8. The final optimized sequences in the present study demonstrated the values consistent with the aforementioned range. The wild-type genes containing low frequent codons will result in low translation efficiency or even disengaging the translational machinery (41) . In the present study the low frequent codons (<30%) were modified as much as possible. Furthermore, the CAI of the optimized genes was in the acceptable range to allow efficient expression in the other green microalgae, particularly Chlamydomonas sp. The RCDI (relative codon deoptimization index) between D. salina and C. reinhardtii was 2.565 (P<0.05) indicating high compatibility between these two species in terms of codon optimization considerations (http://genomes.urv.es/CAIcal/). The RCDI estimates translation rate, so that the lower the value represents the higher adaptation between the transgene and the host (87) . The range of this value is 1 to N, where N is the number of codons existed in the sequence of interest and the value of 1.0 shows the complete adaptation.
mRNA secondary structure: The mRNA secondary structure is a key factor in protein biosynthesis particularly affecting efficiency of translation as high as 1000-fold (88) . RNA secondary structures, not only in the coding sequence and particularly around the translation initiation region but also in both 5ˈ and 3ˈ UTRs, have been proposed to have critical functions in transcript accumulation, mRNA peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/061945 doi: bioRxiv preprint first posted online Jul. 5, 2016; stabilization, transcription termination and 3ˈ end elongation in C. reinhardtii chloroplasts (47) . The stability of a given secondary structure is defined by the amount of free energy used (or released) by its formation. The more negative free energy a structure has, the more likely is its formation since more stored energy is released by the event (89) . In other words, increasing the minimum free energy (MFE) will result in reduction of secondary structure strength. Formation of secondary structures can be predicted by several programs through algorithms calculating the MFE of RNA sequences (90) (91) (92) (93) (94) . The free energy for a given structure is calculated by an additive nearest neighbor model (93) . Most recently, Gaspar et al. (2013) developed a new strategy to optimize secondary structure of RNA through a simplistic approximation to hairpin formation (mRNAoptimiser). This technique can be applied in gene optimization considering MFE together with codon adaptation index (CAI) and other gene expression parameters. Therefore, the main objective in such gene optimization procedures is reducing the strength of secondary structure. Table 5 provides information about the MFE of optimum structures calculated using the Vienna RNA Websuite (94) for different versions (wild type, codon optimized, codon and mRNA optimized) of BAR gene. Both mRNA-and codon-optimization together efficiently increased the MFE by almost 1.85 fold comparing the wild type sequence.
Another important issue in this regard is exposure of the translation initiation site and particularly the start codon in mRNA secondary structure for efficient translation initiation (21, 5, 95, 70) . Our optimization processes were consistent with the previous findings, so that the translation initiation sites sequences were optimized to be exposed as high as possible. As can be seen from Figure 12 and Supplementary Data 17, in the optimized sequences, start codons are much more exposed than the wild-type version of the corresponding sequences. Furthermore, the researches revealed the importance of the MFE particularly in this region. De Smit & van Duin (1990) demonstrated that a reduction of 1.4 kcal/mol in free energy could reduce the expression by 10 fold. This is attributed to the amount of energy required for destabilization of the mRNA secondary structure and being prepared for ribosome binding. Therefore, the presence of stem-loop at the beginning or near the start codon would dramatically reduce the expression (97) . The value of -6 kcal/mol is considered as the threshold for MFE of this region to result in an efficient translation (88, 96, 98) . The bioinformatics analysis of the sequences detected those bases capable of being paired in this region and making stem-loops. The MFE of secondary structures at the beginning of the sequences were -2.4 (BAR) and -2.1 kcal/mol (GFP) which are well above -6 kcal/mol, whereas this was much lower in the wild-type sequences (-18.0 and -9.7 for BAR and GFP, respectively). Although, the more stable 5ˈ-secondary structure may be one reason for the lower expression, MFE of the structure should be low enough to protect the mRNA against the nucleases.
One of the issues that emerges from the findings is the possible application in genome editing procedures. The CRISPR/Cas9 system, a powerful genome editing approach, enables genome modifications in numerous organisms. Various studies have successfully reported that heterologous expression of Cas9 protein together with a single guide RNA (sgRNA) can introduce site-specific double strand breaks (DSBs) into genomic DNA of live cells. However, codon-optimized versions of Cas9 are needed for the efficient applications of this new technology (99) . Although a genome editing method has not yet been applied in microalgae, we reported the necessary information regarding gene optimization for the future establishment of an optimized version of Cas9 gene for CRISPR system. In order to efficiently edit genes of interest in microalgae, the successful expression of Cas9 protein is required for construction of the CRISPR/Cas9 system. To this end, on the basis of the codon preference of microalgae D. salina and the significant information generated from our optimization procedure, an optimized Cas9 gene cassette can be produced. This system will provide an applicable and promising method to genome editing for microalgae D. salina and most likely for other closely related microalgae species, which accelerate
research on their genomics and strain improvement. The findings can be used to adapt existing work structures and processes to the requirements of genome editing work.
Additional optimization parameters:
In addition to the abovementioned cis/transgene optimization parameters, some other important intragenic modifications were carried out on 5ˈ-and 3ˈ-UTRs of the transgene in the expression cassette. Selection of an efficient and suitable promoter may be equally critical as the gene optimization. To this end, a well characterized strong inducible promoter (PHsp70A) already reported (100, 101) to have high impact on transgene expression in microalgae was selected. In downstream of the promoter an effective 5ˈ-UTR from Chlamydomonas RbcS2 gene was taken into account (102, 103) . Since the presence of introns from genes of the target host may significantly increase the efficiency of expression (102, 101) , the promoter and 5ˈ -UTR elements were finally combined at upstream of an intron (RbcS2 intron-1) in order to facilitate transgene expression. The last but not the least, a specific version (mutant) of GFP (GFP-Cycle3) as the reporter gene was initially chosen. This GFP variant has three mutations enabling the protein to mature correctly even at 37 °C. In vitro studies showed that the wild-type GFP has a strong tendency to aggregate, while the Cycle3 mutant did not (104) . Interestingly, this will also be compatible with the already mentioned heat shock promoter to drive the gene.
Transformation
As the critical step in a genetic transformation procedure, transformant selection should be efficient as high as possible. Basta, a commercial herbicide, has been utilized as a selective agent for gene expression studies in plants and microalgae. Also, the BAR gene demonstrated to be the most efficient related selectable marker. Our findings verified the extreme sensitivity of this microalga to Basta, however, at lower concentrations (7 mg/L). Among the transformation methods the glass bead demonstrated higher efficiency which corroborate the findings of the previous work in this field (105) . For prescreening of the positive transformants, simplicity and cost-effectiveness of the TE buffer beside its efficient and comparable performance made it the method of choice through colony PCR. PCR and RT-PCR analyses further confirmed integration of the dBAR gene into both Dunaliella and Chlamydomonas genomes. RT-PCR analysis of the transformants (both strains) showed that the heterologous dBAR gene was transcribed. Those transformants failed in PCR or RT-PCT amplifications were not stable in media containing selection agent (Basta) and lost their viability after a few days. But the positive transformants showed to be stable in selective media (even with 18 µg/mL Basta) for a few weeks, indicating high stability of the transgene. Walker (2003) demonstrated that introduced plasmid DNA without any optimized elements into Dunaliella transformants was rapidly degraded after electroporation during the first 24 h and almost disappeared after 96 h. As an advantage of our study, we obtained at least one stable transformant after 3 months (almost 90 generations) in medium containing the selection factor (Basta). It is encouraging to compare this finding with that found by Geng et al. (56) who reported stability of the introduced DNA for 60 generations in nonselective culture (medium devoid of selection factor). Since the BAR gene product confer resistance to the transformants, therefore, this indicates functionality and bioactivity of the recombinant protein produced in the microalgae (comparing sensitivity of the untransformed cells). The retention of heterogeneous DNA in the Dunaliella cells can be attributed to the formation of extrachromosomal episomes of the plasmid replicable in the cell (106) . But, this kind of resistance is broken during subsequent subcultures (3-4 weeks cultures), as shown in our study. Therefore, it can be concluded that MARs sequences may improve integration of the transgene into the genome and the conferred longer resistance (3 months) is due to the presence of MARs rather than
formation of episomes. However, more experiments using other genes capable of being expressed in microalgae can further validate the optimized expression cassette developed in this study.
S/MARs confer benefits of increasing expression level, stability of the production and avoiding positional effects (107-109, 9, 15) . Moreover, these DNA segments served for recombination and increasing the chance of maintaining the expression cassette flanked by them. They are also able to improve expression levels indirectly through decreasing the locus complexity (60) . Removal of the multiple copies of the transgene through recombination events after integration may also moderate locus complexity. This is critical in case of gene silencing in next generations of transgenic organisms. Because, only the simple integration patterns are selected during future generations (110) . Consequently, the presence of MARs sequences in combination with the translation initiation site and optimization of the coding region in the expression construct conferred more transformation rate and stability of the transgene to the transformants. Although, the significance of differences needs to be further verified, but the efficiency of optimization procedures is clearly shown in the present study.
Last but certainly not the least, in combination of the upstream factors, the downstream optimization (111) including optimization of culture condition and interactive effects of medium composition on protein production has revealed significant improvement which could be considered in conjunction with the above mentioned upstream factors.
Conclusion
There are a set of up-and downstream factors affecting the protein expression and production level, which could be effectively considered in gene optimization procedures. In the present study we considered a combination of cisgenic, intragenic and transgenic approaches to optimize the gene expression in microalgae Dunaliella salina as a case study, since there were no or poor information about its functional genetic elements. The present study produced results which corroborate the implication of intragenesis and cisgenesis concepts. In general, the sequence architecture required for effective translation initiation appears to be diversified among eukaryotes. The TIS consensus sequence observed in this study might help in locating the ribosome at the correct reading frame and consequently improved transgene expression. Signal peptide is a key element in transportation and targeting of secretion proteins. Hence, in designing specific secretion systems, the more knowledge about such elements in terms of their physicochemical properties and aa composition will assist in precise selection of the signal sequences and consequently efficient utilization of secretion systems in production of recombinant proteins. In the present study, the specific microalgae (D. salina) signal peptides were discovered and characterized through bioinformatics and in silico analysis. Essentially, gene optimization is performed to achieve the optimum expression. A multi-objective optimization was performed in the present study to balance the related parameters as high as possible. The whole coding sequence was subjected to the optimization procedures. The GC content and unfavorable peaks were optimized to prolong the half-life of the mRNA. The stem-loop structures, which impact ribosomal binding and stability of mRNA, were broken. Additionally, the negative cis-acting sites were screened and modified. The final redesigned genes comprised codon optimized sequences according to the codon preference of the host (with the high enough CAI value to be used in other green microalgae) as well as the less structured mRNAs. The glass bead method was demonstrated to be the method of choice for transformation of microalgae strains used in this study (D. salina and C. reinhardtii) comparing PEG and electroporation methods. The collective effect of above parameters might drastically improve the transgene expression efficiency. However, more experimental studies are needed to further support the functionality of the in silico characterized elements. 
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The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/061945 doi: bioRxiv preprint first posted online Jul. 5, 2016; Figure 7 . Percentile distribution of all S/MAR motifs across the experimentally proved S/MAR sequences. The motifs were arranged from left to right (5'-3') according to their percentile distribution. As illustrated in the figure, A-box showed the widest distribution and in contrast, TG rich-3 and Stem loop-1 represented the lowest percentile distribution at the 5' and 3' ends of the S/MARs, respectively.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/061945 doi: bioRxiv preprint first posted online Jul. 5, 2016; Figure 9 . Alignment information of the positive signal peptide sequences predicted using SignalP3.0. Top: Consensus sequence, Hydrophobicity, PI and sequence logo. Bottom: Predicted secondary structures for each sequence.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/061945 doi: bioRxiv preprint first posted online Jul. 5, 2016; Figure 10 . Illustrating graph of the signal scores (A) and the hydrophobicity plot (B) of the predicted positive signal sequence having the highest signaling score. S-score: signal peptide score, C-score: raw cleavage site score and Y-score: combined cleavage site score.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/061945 doi: bioRxiv preprint first posted online Jul. 5, 2016; Figure 11 . Alignment of the optimized sequences (CO: codon optimized, RO: codon and mRNA optimized) against wild-type (WT) for BAR (A) and GFP-C3 (B) genes. The modified nucleotide during optimization procedures are highlighted.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/061945 doi: bioRxiv preprint first posted online Jul. 5, 2016; Figure 12 . Secondary structure of BAR mRNA for wild type (left), codon optimized (middle), and codon + mRNA optimized sequences (right). The black arrows show the position of start codons. The upper graphs show montain plot representing the minimum free energy (MFE) structure, the centroid structure and the thermodynamic ensemble of RNA structures. The positional entropy for each position is shown as well in the lower graphs.
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